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Abstract: Mycotoxin contamination continues to be a food safety concern globally, with the most toxic
being aflatoxins. On-farm aflatoxins, during food transit or storage, directly or indirectly result in the
contamination of foods, which affects the liver, immune system and reproduction after infiltration
into human beings and animals. There are numerous reports on aflatoxins focusing on achieving
appropriate methods for quantification, precise detection and control in order to ensure consumer
safety. In 2012, the International Agency for Research on Cancer (IARC) classified aflatoxins B1, B2,
G1, G2, M1 and M2 as group 1 carcinogenic substances, which are a global human health concern.
Consequently, this review article addresses aflatoxin chemical properties and biosynthetic processes;
aflatoxin contamination in foods and feeds; health effects in human beings and animals due to
aflatoxin exposure, as well as aflatoxin detection and detoxification methods.
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1. Introduction
Food contamination is a global concern in the stages of the production, distribution and
consumption of agricultural and processed products [1–10]. From the perspective of a joined and
integrated approach to food research, three aspects of foods and the food chain should be investigated:
quality, safety, and potential nutraceutical value [11–23]. Food safety is currently a priority in the
processes of the production, processing and distribution of food products. Micro-fungi such as
Penicillium, Fusarium and Aspergillus that grow on foods and feeds when conditions are suitable,
are able to release secondary metabolites (mycotoxins) that endanger the health of humans and
animals after being consumed [24–31]. The Centers for Disease Control and Prevention (CDC) reported
that approximately 4.5 billion people are chronically exposed to mycotoxins [32]. There are over
300 mycotoxins, the most important of which include aflatoxins (AF), patulin, fumonisins, ochratoxins,
ergotamine, deoxyvalenol, and zearalenone [33–36]. Aflatoxins are the main mycotoxins synthesized
by Aspergillus flavus, A. parasiticus and A. nomius [37–39]. Aflatoxin-related contamination by fungi
can occur in food and feed products (e.g., cocoa, spices, figs, rice, wheat, maize, sesame seeds,
millet, and groundnuts) during the processes before and after harvesting [40–52]. Moreover, AF can
contaminate commercial products such as cosmetics, cooking oil, and peanut butter. The Food and
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Agriculture Organization (FAO) reported that 25% of global food crops can be contaminated by
mycotoxins [53]. Although much research has been conducted in this area, AF-related contamination is
still a problem in agriculture and human health worldwide [54]. Because of the adverse effects of AFs,
these compounds have been included in the European Union’s Rapid Alert and Food Alert System
(RASFF) in 2008 [55].
2. Characteristics of Aflatoxins
Aflatoxins are chemically derived from difuranocoumarin with a coumarin nucleus-based bifuran
group and a lactone ring (AFGs) or a pentanone ring (AFBs and AFMs) [56]. Aflatoxin contamination
is highly influenced by environmental factors [57]. Battilani et al., in 2016, reported that the risk of
AF contamination can be increased in cereals following an elevation in the rate of temperature for
every 2 ◦C in European countries, including Italy, Spain, Portugal, Turkey, Cyprus, Albania, Bulgaria,
and Greece [58]. Moreover, Moretti et al., in 2019 estimated that the risk of AF contamination in
maize may be enhanced in Europe because of desired climatic conditions in the next thirty years [59].
Aflatoxin-forming species require temperatures of 25–37 ◦C and moisture of 80–85% for growth [60].
Therefore, climate changes can alter the temperature and water activity (aw) of foods and feeds that
affect the expression level of structural (aflD) and regulatory (aflS and aflR) genes and thus induce
AF secretion by Aspergillus fungi [61,62]. Reverse transcription polymerase chain reaction (RT-PCR)
findings showed that the minimum and maximum expression levels of regulatory genes were at the
temperatures of 20–37 ◦C and 28 ◦C, respectively, highlighting the importance of temperature in the
synthesis of AF [62]. Bernáldez et al. in 2017 found that the temperature of 30 ◦C and the water activity
of 0.99 in maize were the optimal conditions for the growth of A. flavus according to the analysis
of temperature and aw interaction affecting the expression level of aflR [63]. In a study by Lv et al.,
the maximum production of AFB1 was at the temperature of 33 ◦C and the water activity of 0.96 aw [64].
Gizachew et al. in 2019 reported that the maximum level of AF production was at the temperature of
27 ◦C and the water activity of 0.90 aw in A. flavus and A. parasiticus in ground Nyjer seeds [65]. pH is
another factor affecting AF production, where maximum and minimum AF production occurs in acidic
and basic conditions, respectively [66].
During the process of AF biosynthesis in crops by A. flavus and A. parasiticus, the primary substrate
of hexanoyl is converted to polyketide using a polyketide synthase and two fatty acid synthases [67–71],
followed by the production of norsolorinic acid anthrone from the polyketide using polyketide synthase
and then the conversion of norsolorinic acid anthrone to norsolorinic acid (NOR) as the first stable
precursor of AF as shown in Figure 1 [72–75]. Then, NOR converted to averantin via reductase
enzyme, see Figure 1 (1) [76] and then 5′-hydroxyaverantin (HAVN) produced from averantin by
monooxygenase enzyme see Figure 1 (2) [77]. Next, the HAVN forms 5′-oxoaverantin (OAVN) using
dehydrogenase, see Figure 1 (3), and subsequently OAVN is converted to averufin (AVF) using cyclase,
see Figure 1 (4) [78–80], followed by the conversion of AVF to hydroxyversicolorone (HVN) via the
Baeyer–Villiger reaction, see Figure 1 (5) [81]. After that, versiconal hemiacetal acetate (VHA) is formed
via the oxidation of HVN, see Figure 1 (6) that is converted to versiconol acetate (VOAc) and then
versiconol (VOH), see Figure 1 (7) [82]; the VOH then uses esterase to produce versiconal, see Figure 1
(8) that is subsequently converted to versicolorin B via cyclase, see Figure 1 (9) [83], followed by the
conversion of versicolorin B to versicolorin A and dimethyl-dihydro-sterigmatocystin (DMDHST) as
shown Figure 1 (10); then the conversion of versicolorin A and DMDHST to dimethyl-sterigmatocystin
(DMST) and dihydro-sterigmatocystin (DHST), respectively, see Figure 1 (11) [84–86].
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Figure 1. Overview of aflatoxins’ biosynthesis. Figure 1. Overvie of aflatoxins’ biosynthesis.
Next, O-methyltransferases plays central role in the biosynthesis of AFs to convert the intermediates
of DMST and DHST to sterigmatocystin (ST) and dihydro-O-methylsterigmatocystin (DHOMST),
respectively, as shown in Figure 1 (12) [87]. Afterwards, O-methylsterigmatocystin (OMST) is produced
Foods 2020, 9, 644 4 of 26
from ST, see Figure 1 (13); finally, OMST and DHOMST lead to the production of AFs, as shown in
Figure 1 (13b and 14) [88–95]. Over 20 AF have been identified so far, of which, aflatoxins B1 (AFB1),
B2 (AFB2), G1 (AFG1) and G2 (AFG2) have been characterized under UV radiation where AFB1 and
AFB2 exhibit a strong blue fluorescence while AFG1 and AFG2 show greenish yellow fluorescence
(Figure 2) [96]. According to the evidence, only AFB1/B2 are produced by A. flavus and AFB1/B2/G1/G2
are produced by A. parasiticus, indicating a difference in the origin of AF [97]. Aflatoxin M1 (AFM1)
and AFM2 are not normally present in crops, but the metabolites of these compounds can be separated
from the meat and milk products because of consuming AF-B1/AF-B2-contaminated feed [98,99].
The toxicity levels of AF are different according to the following order of toxicity: AFG2 < AFB2 <
AFG1 < AFB1 [100]. Aflatoxins are soluble in organic solvents (e.g., chloroform and methanol) and
slightly soluble in water, but insoluble in non-polar solutions (e.g., phenyl, cyclohexyl, ethyl, octyl,
and octadecyl) [101,102]. Furthermore, the acid pKa of AF as a heat-stable compound is 17.787, with a
molecular weight range of 312–346 Daltons [103].Foods 2020, 9, x FOR PEER REVIEW 5 of 28 
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3. Contamination of Foods and Feeds
Different factors such as season, post-harvest and management activities, food type and
geographical location, have been known to influence AF contamination of a wide variety of foods,
feeds thereby causing economic losses [104]. Table 1 reports information on aflatoxins levels in
different foods and countries. Analytical methods are also indicated, namely: High Pressure Liquid
Chromatography (HPLC); enzyme-linked immunosorbent assay (ELISA), Liquid Chromatography
coupled to Mass Spectrometry (LC-MS/MS).
Table 1. Prevalence and levels of aflatoxins in different foods from different countries.
Aflatoxin Type Food/Feed Type Area of Origin Sample Size Mean and/or Median Levels Range Levels Analysis Method Reference
AFB1 Black tea Pakistan +76% 0.11 and 16.17 µg·kg−1 0.08–8.24 µg·kg−1 HPLC [105]
AFB1 Chinese condiment(Doubanjiang) China +34% 4.78 ± 0.16 µg·kg
−1 1.26–16.41 µg·kg−1 ELISA [106]
AFB1 Peanuts Zambia +44% 0.45 µg·kg−1 0.015–46.60 µg·kg−1 HPLC [107]
AFB1 Spices Italy +15% 0.30 µg·kg−1 0.59–5.38 µg·kg−1 HPLC [108]
AFB1 Maize flour Turkey +66% 0.20 µg·kg−1 0.041–1.12 µg·kg−1 HPLC [109]
AFB1 Maize Serbia +57% 11.4 ± 14.5 µg·kg−1 1.3–88.8 µg·kg−1 HPLC [110]
AFM1 Milk Portugal +27% 23.4 ± 24.0 ng·L−1 0.005–0.069 µg·kg−1 ELISA [111]
AFM1 Milk Indonesia +95% 216 ng·L−1 24–570 ng·L−1 ELISA [112]
AFM1 Milk China +80% 23.7 ng·L−1 5.1–104.4 ng·L−1
ELISA and
LC-MS/MS [113]
AFM1 Milk Lebanon +58% 0.035 µg·L−1 0.011–0.440 µg·kg−1 HPLC [114]
AFM1 Infant formulae Mexico +20% 40 ± 99 ng·L−1 40–450 ng·L−1 HPLC [115]
AFB1, AFB2,
AFG1, and AFG2 Household maize Kenya +100% 62.5 µg·kg
−1 2.14–411 µg·kg−1 UHPLC [116]
Katsurayama et al., have reported the occurrence of AF in Brazilian rice as less than 14% [117].
They observed that A. flavus was observed either in rice or in their cultivation soils from both
drylands and wetlands. Initially, five different fungi were isolated and identified on the basis of
phenotypic (extrolite and morphology traits), polyphasic and molecular (beta-tubulin gene sequences)
properties and then analyzed for AFB1 production, of which, only 17% were able to produce AFB1.
Using liquid chromatography-tandem mass spectrometry (LC-MS/MS) and modified quick, easy,
cheap, effective rugged, and safe (QuEChERS) techniques, Zhao et al., showed that wheat and cracker
samples from Chinese supermarkets had AFB1 contaminations of 18.8% and 8.2%, respectively [118].
Other researchers utilized high-performance liquid chromatography with fluorimetric detection
(HPLC-FLD) and competitive enzyme-linked immunosorbent assay (ELISA) techniques to analyze
804 buffalo and cow milk samples for the detection of AFM1, and found a milk sample with AF
contamination more than European permissible level (0.05 µg·kg−1) [119]. The same methods were
employed by Bahrami et al., to evaluate the AFM1 occurrence in traditional dairy products, and the
results indicated an AFM1 prevalence of 44.6%, 65.3% and 84.3% in the raw goat, cow and sheep
milk, respectively [120]. Granados-Chinchilla et al., assessed food and feed samples for the presence
of AF, and the highest AF prevalence was 27.8% and 38.6% for corn ingredients and white corn,
respectively [121]. In a study by Heshmati et al., dates, apricots and figs showed a contamination of AFs
lower than the maximum limit (4 µg·kg−1) reported by the European Union (EU) but dried mulberry
exhibited a higher level (4.12 µg·kg−1) [122,123]. In a study by Lippolis et al., ginger collected in the
rainy season showed AF contamination exceeding the EU limit [124]. Singh and Cotty., reported more
than 60% contamination of AFB1 in chilies spice samples [125].
4. AF Detection Strategies
The detection of AFs is performed by several conventional methods based on the emission
and absorption characteristics, such as liquid chromatography mass spectroscopy (LC-MS) [126],
thin layer chromatography (TLC) [127], gas chromatography (GC) [128], high-performance liquid
chromatography (HPLC) [129], immunoaffinity column assay (ICA) [130], and enzyme-linked
immunosorbent assay (ELISA) [131].
Chromatographic techniques such as HPLC, TLC, LC-MS, and GC are calculated in accordance
with the interaction energy of the solute with the stationary phase and the mobile phase. The separated
Foods 2020, 9, 644 6 of 26
components are distributed between two mobile and stationary phases. The mobile phase, such as
supercritical fluids, liquids and gases, penetrate along or through the stationary bed (solid or liquid).
The samples needed for analysis are first dissolved in the mobile phase and then used in the stationary
phase as a spot. The sample carries along the mobile phase and sorbent, which leads to differential
partitions of compounds between stationary and mobile phases in accordance with the moving rate of
different components of the sample. The limit of quantification (LOQ) for AFB1, AFB2, AFG1 and
AFG2 was reported as 0.5 mg·L−1 using the HPLC method in enriched milk and plant-based beverages,
meaning it was lower than the maximum EU level [132]. In a study, the levels of AFG1, AFB1, AFG2
and AFB2 were determined in plant-based beverages and enriched milk samples using the LC-MS/MS
and HPLC analysis, the results of which the showed a recovery range of 82–104%, an LOQ value of
0.5 mg·L−1 and a relative standard deviation of <9.7%, suggesting some merits for this method such
as a shortened time and reduced cost of data analysis due to ease of use and the need to consume a
smaller solvent [133].
The specific antigen-antibody or ligand-receptor bindings make it possible to quantify complexes
by immunochemical methods like ELISA and ICA through the absorption of photon energy using the
spectrophotometry. Different labels such as radioisotopes, fluorophores and enzymes can be used to
amplify the binding process for better signal recognition. In a study by Mohammedi-Ameur et al.,
the levels of AFM1 was detected by ELISA method, which ranged between 95.59 and 557.22 ng·L−1
with a total mean concentration of 71.92 ng·L−1 in raw milk, thereby exceeding the USA and EU
allowance limit (500 ng·L−1 and 0.050 µg·kg−1) [134].
Another important approach with regard to AF detection is immunosensor techniques such as
electrochemical immunosensors, optical immunosensors, and piezoelectric quartz crystal microbalances
that is a biosensor applying antigen or antibody as a biodetector via a signal transducer, such as
carbon, gold and graphite, to detect species-specific binding to complement component. In a study by
Selvolini et al., an inexpensive and simple approach was used as an electrochemical enzyme-linked
oligonucleotide sensor to detect the AFB1 in corn samples, and the findings showed a limit of detection
of 0.086 ng·mL−1 and dose–response curve of 0.1–10 ng·mL−l [135]. In another study, the aptamer
molecular beacon assay was used for the rapid detection of AFB1, which could detect AFB1 spiked in
diluted liquor wine, methanol, or corn flour samples with the aid of an aptamer probe [136].
Despite many advantages, the conventional techniques require special skills and are
time-consuming methods, so recent efforts have been made to design novel rapid and easy
approaches to detect AFs such as hyperspectral imaging (HSI) [137], non-destructive methods based
on fluorescence/near-infrared spectroscopy (FS/NIRS) [138] and polymerase chain reaction (PCR).
The molecular structures of substances can be characterized by fluorescence spectrophotometry on
the basis of absorption in UV/visible region, but the absorption processes have been employed for some
molecules on the basis of various wavelengths of light emission. The molecules can be analyzed and
characterized by fluorescence through the emission of energy at specific wavelengths, thus measuring
AF (5 to 5000 µg·kg−1) within less than 5 min. Rui et al., introduced highly selective surface molecular
imprinted polymers (FDU-12@MIPs) approaches as a potent AF adsorbent from AF-contaminated
cereals [139]. To this end, the FDU-12@MIPs were first characterized by techniques, including X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX)
and attenuated total reflection-Fourier transform-infrared spectroscopy (ATR-FT-IR). Subsequently,
experiments were continued to analyze rice, peanut, corn, wheat and soybean samples for the presence
of AFB1, B2, G1 and G2 using the coupling of HPLC to FDU-12@MIPs. According to the results,
an acceptable linear response was obtained for studied AF, ranging from 0.1 to 50 µg·kg−1, with an
R2 ranging from 0.9992 to 0.9996. In this way, the FDU-12@MIPs acted as an impressive adsorbent
for the solid-phase extraction to enrich desired AFs in the real samples. Aflatoxin B1 contamination
of maize kernels was detected by Kimuli et al., using short-wave infrared (SWIR) hyperspectral
imaging (HSI) technique where the maize kernels were categorized by some analytical approaches,
including principal component analysis (PCA), partial least squares discriminant analysis (PLSDA)
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and factorial discriminant analysis (FDA) [140]. Based on the PCA findings, the control kernels were
partially separated from kernels contaminated by AFB1 for each variety, but there was no pattern of
separation between the pooled samples. The best classification model of PLSDA was obtained by
combining first derivative pre-treatments and standard normal variate, with accuracies of 96% and
100% in validation and calibration from Illinois variety, respectively. The best classification model
of AFB1 was achieved by FDA on raw spectra, with 100% accuracy in validation and calibration for
Nebraska and Illinois varieties. It should be noted that there were poor classification models of AFB1
for the pooled samples when comparing with individual varieties for either PLSDA or FDA models,
which can be attributed to the chemical constituent limited variation and also there might have been the
introduction of some factors effect such as moisture content, orientation, and year of harvest on these
results. The combination of SWIR spectra with spectra pre-treatments and chemometrics predisposed
the detection of maize kernels at different AFB1-coated varieties. In accordance with the suggestion of
the study, the accuracy of detecting the AFB1 contamination might be affected by the reinforcement of
maize kernel constituents like lipid, starch, protein and water in the pooled samples.
PCR technique is able to detect successfully mycotoxigenic fungi present in samples through the
co-amplification of species-specific genes and regulatory or structural genes associated with pathways
of mycotoxin production. Singh et al., employed real-time PCR to detect AF and found that AFs were
present in 53 out of 129 poultry/cattle feed samples [141].
5. Toxicity and Health Impacts of Aflatoxins
Aflatoxin-contaminated foods and feeds are associated with health risk for human beings and animals.
Aflatoxins have been shown to have different health impacts such as hepatotoxicity [142], mutagenesis [143],
carcinogenesis [144], immunosuppression [145], neurotoxicity [146], epigenetic effects [147],
reproductive dysfunctions [148] and stunted growth [149]. There have been many studies that scrutinize
the mechanisms of these health effects [150–152]. Thus, different and strict regulations have been globally
implemented to control the contamination of AF in foods and feeds aimed to maintain human and animal
health. The maximum permissible levels of AF for human consumption range from 4 to 30 µg·kg−1
depending on the food type [153]. The maximum allowed levels of total AFs by the EU is 2 µg·kg−1 for
AFB1 and 4 µg·kg−1 for total AFs [154,155], but 20 µg·kg−1 of AFs in the United States [156,157]. The LD50
or 50% Lethal Dose value for AFs was 18 mg·kg−1 in rats and 0.3 mg·kg−1 in rabbits [158].
In a study by Li et al., the dietary 0.6 mg·kg−1 of AFB1 inhibited chicken spleen growth via
G0/G1 cell-cycle arrest, as well as reduced mRNA expression of cyclin D1 and elevated CDK6,
p21/53 and ATM expression, suggesting that AFB1 induced G0G1 phase arrest through activated
ATM-p53-p21-cyclin D/CDK6 route in the splenocytes [159]. Chen et al. investigated whether
the toxicity of AFB1 on Leydig cells could be attributed to the enhancement of ROS generation,
the prevention of T-biosynthesis gene expression, the reduction in Leydig cell count, and induction
of cell apoptosis via AMPK/mTOR-mediated suppression of autophagic flux [160]. In an in vitro
study, Liu et al., reported genotoxic impacts induced by AFB1 and MC-LR combinative exposure in
hepatocytes through oxidative stress and DNA base excision repair genes [161]. AF-contaminated
feeds (0.3 and 0.6 mg·kg−1) among male broilers could increase the apoptotic splenocytes through
elevated oxidative stress [162]. AFB1-induced hepatocarcinogenesis can be developed by the impacts
of aldehydes production following the formation of hepatic AFB1 metabolism-induced LPO, as some
of these effects are the induction of a hepatic prone to mutagenesis induced by DNA damage,
DNA repair prevention, mutated codon 249 of p53 gene, DNA damage induction and LPO cycle
propagation [163]. Frequent consumption of AFB1 in adult male rats impaired the hypothalamic
regulation of neuropeptides in feeding behaviour [164]. Peng et al. reported that AFB1 could influence
apoptosis and the expression of Bax, Bcl-2, and Caspase-3 in the thymus and bursa of fabricius in
broiler chickens [165].
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6. Methods of Aflatoxin Detoxification
High AF detoxification resistance to common treatment strategies such as pasteurization and
sterilization have been reported, therefore necessitating the development of effective physical,
chemical and biological approaches to control AF [166–170].
Aflatoxin detoxification may occur through the degradation of its structure using different gases or
chemical agents that oxidize (e.g., hydrogen peroxide or ozone) or hydrolase (e.g., aldehydes, bases or
acids) or thermal treatment. In the hydrolysis method of detoxification, acidic and alkaline conditions
are able to open the lactone rings of AF to form a water-soluble compound called beta-keto acid that is
easily removed from the sample by rinsing with water (Figure 3). Aflatoxin B1-contaminated soybean
(7.4–8.2 µg·kg−1) treated by tetraic acid for 18 h showed 95% detoxification using High Performance
Liquid Chromatography with Fluorescence Detection (HPLC-FLD) as a quantitative analysis as reported
in Figure 3 (1), and in Figure 3 (6) [171]. Saladino et al., reported 89% detoxification of AFB1 in Italian
piadina exposed to isothiocyanates with antimicrobial properties, thereby inhibiting A. parasiticus
growth on the samples as illustrated in Figure 3 (2) [172]. Mohammadi et al., observed a 50% AFM1
detoxification (0.56 µg·kg−1) in milk samples using a chemical detoxification method via 80-mg·min−1
ozonation for 5 min, see Figure 3 (3) [173]. A 60 µmol·mol−1 ozonation of AFB1-contaminated wheat
for 180 min led to a 95% detoxification as illustrated in Figure 3 (4) [174]. A 40-min ozonation of the
AFB1-contaminated corns with 13.5% of moisture content reduced the AFB1 level up to 9.9 µg·kg−1 from
83 µg·kg−1 as shown in Figure 3 (5) [175]. Rastegar et al., investigated the removal of AFB1 by roasting
with lemon juice and/or citric acid in naturally contaminated pistachio nuts [176]. They reported a 93.1%
decrease in AFB1 level after roasting pistachio nuts (50 g) in the presence of water (30 mL), lemon juice
(30 mL) and citric acid (6 g) at a temperature of 120 ◦C for an hour. They also reported a 49% AFB1
level decrease following an alteration of citric acid and lemon juice concentration. Therefore, there was
a synergistic impact between lemon juice/citric acid concentration and heating on AFB1 degradation.
Rushing and Selim converted over 71% AFB1 to its detoxified form, AFB2a, in contaminated feed
through a similar citric acid treatment [177]. Chen et al. employed the ozonation technique to detoxify
65.9% and 65.8% of AFB1 and total AFs in the peanuts, respectively, and stated that the exposure time
and the ozone concentration were two factors affecting the detoxification of AFs [178]. Aflatoxins can
be attenuated by chemical degradation of nutrients in spite of some disadvantages, such as the high
cost, and low aesthetic quality of treated foods and feeds.
Thermal inactivation (e.g., microwaving, extrusion, and heating), irradiation ultraviolet light
(UV) and gamma radiations), and adsorption agents (e.g., bentonite, hydrated sodium calcium
aluminosilicate (HSCAS)) are the most prevalent physical techniques to detoxify AF (Figure 4).
High temperatures of between 237 and 306 ◦C are heating methods of detoxification.
Numerous researchers recruited gamma radiation decontamination called as a cold process to extend
food shelf life by declining microbial density. Mycotoxins are significantly degraded by effective doses
of gamma radiation. Iqbal et al. reported 92% to 98% detoxification of AFB1 in chili samples exposed
to 6-kGy dose of gamma (γ) radiation, see Figure 4 (1) [179]. Another study showed about 94.5% AFB1
detoxification in 50 µg·kg−1 maize feeds following 10-kGy dose of γ irradiation, see Figure 4 (2) [180].
Ghanghro et al. found 82% to 90% detoxification of AFB1 wheat grain (200 µg·kg−1) following 160-min
UV radiation as shown in Figure 4 (3) [181]. Mao et al., observed a 96% detoxification of AFB1 peanut oil
(128 µg·kg−1) following 30 min UV irradiation using Ultra Performance Liquid Chromatograph-Thermo
Quadrupole Exactive Focus mass spectrometry/mass spectrometry (UPLC-TQEF-MS/MS analysis) as
shown in Figure 4 (4) [182]. In another study, the effect of microwave heating wheat samples at 160 ◦C
for 6 min resulted in a 54% reduction in AFB1 as shown in Figure 4 (5) [183]. In a study by Zheng et al.,
AFB1-contaminated peanut meals were exposed to extrusion cooking process, and finally the results
showed an AFB1 degradation rate of 77.6% ± 2.2% at a temperature of 150 ◦C. (Figure 4 (7)) [184].
Kanapitsas et al. observed a 65% AFB1 reduction in raisin samples following a 10kGy gamma
irradiation [185]. Wang et al., reported that 15-s pulsed light treatment decreased AFB1 and AFB2
levels up to 90.3% and 86.7%, respectively, in rice bran samples gathered from the Farmers’ Rice
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Cooperative (West Sacramento, CA, USA), whereas 80-s treatment decreased the AFB1 and AFB2
levels up to 75.0% and 39.2% in rough rice, respectively [186]. Despite several physical detoxification
methods, these approaches eliminate the AFs in part and are time-consuming.
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microwave heating wheat samples at 160 °C for 6 minutes resulted in a 54% reduction in AFB1 as 
shown in Figure 4 (5) [183]. In a study by Zheng et al., AFB1-contaminated peanut meals were 
exposed to extrusion cooking process, and finally the results showed an AFB1 degradation rate of 
77.6% ± 2.2% at a temperature of 150 °C. (Figure 4.7) [184]. Kanapitsas et al. observed a 65% AFB1 
reduction in raisin samples following a 10kGy gamma irradiation [185]. Wang et al., reported that 
Figure 3. Overvie f c e ical detoxification methods. (1, [171]), (2, [172]), (3, [173]), (4, [174]),
(5, [175]).
In the adsorption techniques, toxin- bsorb n binding in t e gastro ntestinal tract can decrease
the content of ycotoxins, a d proper positioning of functional gr ups and polarity can be effective
for better adsorption of AF. T ain adsorbing compounds ar synthetic polymers (polyvinyl
pyrrolidone, cholestyramine, cellulose, polysaccharides, peptidoglycans, glucomannans, and alumino
(hydrated sodium calciu aluminosilicate [HSCAS], bentonite, clay, sodium and calcium aluminum
silicates). Moussa et al., in Egypt, evaluated the efficacy of calcium bentonite clay and kaolin on
AFM1-contaminated raw milk samples (50 ng·L−1) collected from dairy shops [187]. They treated
the samples with different concentrations of calcium bentonite clay and Kaolin for the detoxification
of AFM1, and then detected the AFM1 level by ELISA. According to their findings, the mean AFM1
concentration in raw milk samples was 10.7 ± 0.89 ppb, indicating that the raw milk samples exceeded
the EU permissible limits (50 ng·L−1) and Egyptian standards (50 ng·L−1) of AFM1 in milk; the rate of
AFM1 detoxification was between 86.1% and 97.7%. In a study, highly active sodium bentonite (SB)
soil (SB-E) was used to absorb AF, the results of which showed the maximum binding capacity of these
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biological adsorbents to AF at pH values of 6.5 and 2, with high enthalpy (-H) and confirmed their
safety approved by Hydra bioassay [188].
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The application of enzymes and microorganisms in AF bio-detoxification is a good alternative
to conventional techniques in the food industry [189–205] (Figure 5a,b). There are two mechanisms
for AF detoxification by microbial methods, these are: cell wall component adhesion and microbial
enzymes. Lactic acid bacteria (LAB) and yeast strains are utilized in fermented food products and
beverages as starters due to their ability to detoxify AFs. Aflatoxin bio-absorption mechanisms of
Lactobacillus, fungi and other bacteria have been reported by several authors [206–209]. Saladiano et al.
reported 84.1–99.9% reduction in AF levels in contaminated bread due to LAB and yeast fermentation
for 3–4 days, see Figure 5a (1) [210]. High-Performance Liquid Chromatography analysis exhibited
63% detoxification of AFM1 in milk (100 µg·kg−1) through non-covalent electrostatic binding such as
Van der Waals forces and hydrogen bonds because of the inoculation of L. rhamnosus GG (5 × 108 CFU
mL−1) at a temperature of 37 ◦C for 18 h, see Figure 5a (2) [211]. Sarlak et al. removed AFM1 from
doogh by adding 9 log CFU·mL−1 of L. acidophilus at pH 4.2 and observed less red ction in non-viable
(heat-killed) bact ria than in viable bact ria, see Figure 5a (3) [212]. The o-administration of LAB
strains and inulin led to 55% detoxification of AFM1 in yogurt samples as illustrated in Figure 5a
(4) [213]. L. casei LC-01 reduced AFM1 levels by 58% in the fermented milk (Figure 5a (5)) [214].
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In the in vitro study of Panwar et al., 24-h incubation of probiotic lactobacilli in AFM1-contaminated
skim milk reduced AFM1 levels by up to 52% during digestion tests as shown in Figure 5a (6) [215].
Zeinvand-Lorestani et al., reduced AFB1 levels by 67% in the presence of laccase enzyme after two
days, see Figure 5a (7) [216]. Kefir microorganisms decreased AFB1 levels by 82% by binding to AFB1
(1 µg·kg−1) as shown in Figure 5a (8) [217]. Ma et al., used 109 cfu·g−1 of corn silage bacteria and
reached AFB1 levels to 0.35 µg·kg−1 within three days incubation period, see Figure 5b (10) [218].
A study by Rao et al. achieved the microbial AFB1 degradation rate of 94.7% using Bacillus licheniformis
CFR1 that had been confirmed via Electron spray ionization-Mass Spectrometry (ESI-MS), HPLC,
High-Performance Thin Layer Chromatography (HPTLC) analysis, see Figure 5b (11) [219]. In a study
by Sadeghi et al., L. acidophilus and L. brevis caused 50% detoxification of AFB1 after 24 and 48 h of
incubation, see Figure 5b (12) [220]. In an in vitro study by Fernandez et al., the strains of E. faecium
isolated from dog stool samples could eliminate AFB1 by 42% after 48 h of incubation, see Figure 5b
(13) [221]. Binding capacity of L. fermentum led to 85% detoxification of AFB1 in the media after two
hours incubation period, see Figure 5b (14) [222]. High-Performance Liquid Chromatography analysis
showed 1000-fold detoxification of AFs due to the starter culture with L. rhamnosus yoba (108 cfu·g−1),
see Figure 5b (15) [223]. According to findings, L. casei showed 98% AFB1 binding (4.6 µg·mL−1)
through bioabsorption process across cell wall peptidoglycan and polysaccharides (Figure 5b. 16) [224].
Others reported that AFB1 was detoxified by L. rhamnosus strain GG through binding to cell surface
proteins as shown in Figure 6 (4) [225]. In a study by Hernandez- Mendoza et al., L. reuteri strain
NRRL14171 and L. casei strain Shirota were able to show AFB1 detoxification activity by binding to
teichoic acids and peptidoglycans, see Figure 6 (4) [226]. Yiannikouris et al., demonstrated the central
function of (1→3)-β-D-glucans conformation of the bacterial cell wall in the interactions with AFB1 via
intermolecular hydrogen bonding and Van der Waals force, see Figure 6 (4) [227].
Rabie et al. found a 78% reduction in AFM1 in milk by Lactobacillus acidophilus and
Bifidobacterium lactis after one-day incubation [228]. Martínez et al. observed a decrease in AFM1 in
milk through the bio-degradation and bio-adsorbtion mechanisms in Pediococcus pentosaceus and
Kluveromyces marxianus [229]. In a study by Samuel et al., Pseudomonas putida could tolerate the
exposure of AFB1 (0.2 mg·mL−1) in the medium [230]. Based on the findings of FTIR, GCeMS, HPLC,
TLC and UV spectrometry analysis, AFB1 biotransformation to AFD1, AFD2, and AFD3, as shown in
Figure 6 (2) during 24-h incubation modulated AFB1 ring lactone and furan and declined the toxicity.
In another study, S. aureofaciens ATCC 10762, Rhodococcus erythropolis ATCC 4277 and Streptomyces
lividans TK 24, three species of Actinomycete, were co-cultured to degrade AFB1 in a liquid medium,
see Figure 6 (3) [231]. The results showed that AFB1 was detoxified by these strains through various
mechanisms; for example, the TLC method reported AFB1 degradation via R. erythropolis through the
lactone cleavage. According to an in vitro study by Chlebicz and Śliżewska, the level of AFB1 was
decreased by S. cerevisiae and Lactobacillus sp. by up to 65% and 60%, respectively, as illustrated in
Figure 5a (9) [232].
Liu et al. reported the detoxification of AFB1 in cottonseed meal by Cellulosimicrobium funkei
bacterium [233]. In a study by Hontanaya et al., dry mustard flour glucosinolates decreased AFs
in the nuts and fruits by 88–89% [234]. In a study, AFB1-contaminated foods were detoxified by
the manganese peroxidase (MnP) extracted from Phanerochaete sordida YK-624, a white-rot fungus,
see Figure 6 (1) [235].
The efficiency of AFB1 degradation was 86.0% after 48 h. The analysis of HR-ESI-MS and
H-NMR techniques demonstrated that the oxidization of AFB1 initially generated AFB1-8,9-epoxide
in the presence of MnP, and then the hydroxylation led to the production of AFB1-8,9-dihydrodiol.
According to other reports, the reductases from mycobacteria were able to detoxify AFB1 through the
AFs α,β-unsaturated ester moiety reduction, catalyzing the deazaflavin cofactor F420H2, as shown in
Figure 6 (5) [236]. The growth of fungus Pleurotus ostreatus on various agricultural residues leads to
the formation of ligninolytic enzymes involved in the detoxification of AFB1. Accordingly, Das et al.
co-cultivated AFB1-contaminated rice straw with P. ostreatus, the result of which was 89% detoxification
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of AFB1 [237]. The results of a study showed 100% prevention of AF formation in the presence of
natural powdered pomegranate peels (at the concentrations of 5%, 10%, 20%, combined with inoculated
rice, w/w) for the four month-storage of rice at the moisture of 18% and the temperature of 25 ◦C,
whereas lemon peels had inhibitory effect during three months [238]. In a recent study, Neem leaves,
which are agricultural residues by-products, inhibited AF formation within two and four months when
used in maize and wheat products, respectively [239].
Foods 2020, 9, x FOR PEER REVIEW 13 of 28 
 
erythropolis through the lactone cleavage. According to an in vitro study by Chlebicz and Śliżewska, 
the level of AFB1 was decreased by S. cerevisiae and Lactobacillus sp. by up to 65% and 60%, 




Foods 2020, 9, 644 13 of 26




Figure 5. Overview of biological detoxification methods. (a): (1, [210]), (2, [211]), (3, [212]), (4, [213]), 
(5, [214]), (6, [215]), (7, [216]), (8, [217]), (9, [232]); (b): (10, [218]), (11, [219]), (12, [220]), (13, [221]), (14, 
[222]), (15, [223]), (16, [224]). 
Liu et al. reported the detoxification of AFB1 in cottonseed meal by Cellulosimicrobium funkei 
bacterium [233]. In a study by Hontanaya et al., dry mustard flour glucosinolates decreased AFs in 
the nuts and fruits by 88%–89% [234]. In a study, AFB1-contaminated foods were detoxified by the 
manganese peroxidase (MnP) extracted from Phanerochaete sordida YK-624, a white-rot fungus, see 
Figure 6 (1) [235]. 
Figure 5. Overview of biological detoxification methods. (a): (1, [210]), (2, [211]), (3, [212]), (4, [213]),
(5, [214]), (6, [215]), (7, [216]), (8, [217]), (9, [232]); (b): (10, [218]), (11, [219]), (12, [220]), (13, [221]),
(14, [222]), (15, [223]), (16, [224]).
Foods 2020, 9, 644 14 of 26
Foods 2020, 9, x FOR PEER REVIEW 15 of 28 
 
 
Figure 6. Overview of aflatoxins detoxification mechanisms. (1, [235]), (2, [230]), (3, [231]), (4, 
[224–227]), (5, [236]). 
The efficiency of AFB1 degradation was 86.0% after 48 hours. The analysis of HR-ESI-MS and 
H-NMR techniques demonstrated that the oxidization of AFB1 initially generated AFB1-8,9-epoxide 
Figure 6. Overview of aflatoxins detoxification mechanisms. (1, [235]), (2, [230]), (3, [231]), (4, [224–227]),
(5, [236]).
Foods 2020, 9, 644 15 of 26
7. Conclusions
Aflatoxin contamination of foods and feeds results in economic losses and affects human and
animal health, either directly or indirectly. Inadequate knowledge in this area highlighted the necessity
of investigations into the chemical properties and biosynthetic processes of AFs and various mechanisms
of their detoxification, also considering possible natural agents against the proliferation of field pests
for the crops [240]. Numerous studies have been conducted recently to control these toxins, but many
are not yet developed at the commercial scale. Accordingly, further research is recommended to focus
on field-applicable new technologies for the control of AFs with the aim of protecting human and
animal food/feed safety and health. In general, all people involved in commodity value chains should
consider AF control measures to promote food safety, increase awareness about public health and
prevention, raise economic benefits, and decrease costs.
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14. Abenavoli, L.; Izzo, A.A.; Milić, N.; Cicala, C.; Santini, A.; Capasso, R. Milk thistle (Silybum marianum): A
concise overview on its chemistry, pharmacological, and nutraceutical uses in liver diseases. Phytother. Res.
2018, 32, 2202–2213. [CrossRef]
Foods 2020, 9, 644 16 of 26
15. Daliu, P.; Santini, A.; Novellino, E. A decade of nutraceutical patents: Where are we now in 2018? Exp. Opin.
Therap. Pat. 2018, 28, 875–882. [CrossRef]
16. Durazzo, A.; D’Addezio, L.; Camilli, E.; Piccinelli, R.; Turrini, A.; Marletta, L.; Marconi, S.; Lucarini, M.;
Lisciani, S.; Gabrielli, P.; et al. From plant compounds to botanicals and back: A current snapshot. Molecules
2018, 23, 1844. [CrossRef]
17. Durazzo, A. Extractable and Non-extractable polyphenols: An overview. In Non-Extractable Polyphenols and
Carotenoids: Importance in Human Nutrition and Health; Saura-Calixto, F., Pérez-Jiménez, J., Eds.; Royal Society
of Chemistry: London, UK, 2018; pp. 1–37.
18. Durazzo, A.; Lucarini, M. A current shot and re-thinking of antioxidant research strategy. Braz. J. Anal. Chem.
2018, 5, 9–11. [CrossRef]
19. Santini, A.; Novellino, E. Nutraceuticals-shedding light on the grey area between pharmaceuticals and food.
Expert Rev. Clin. Pharmacol. 2018, 11, 545–547. [CrossRef]
20. Santini, A.; Cammarata, S.M.; Capone, G.; Ianaro, A.; Tenore, G.C.; Pani, L.; Novellino, E. Nutraceuticals:
Opening the debate for a regulatory framework. Br. J. Clin. Pharmacol. 2018, 84, 659–672. [CrossRef]
21. Daliu, P.; Santini, A.; Novellino, E. From pharmaceuticals to nutraceuticals: Bridging disease prevention and
management. Expert Rev. Clin. Pharmacol. 2019, 12, 1–7. [CrossRef]
22. Durazzo, A.; Lucarini, M. Extractable and Non-extractable antioxidants. Molecules 2019, 24, 1933. [CrossRef]
[PubMed]
23. Durazzo, A.; Lucarini, M.; Souto, E.B.; Cicala, C.; Caiazzo, E.; Izzo, A.A.; Novellino, E.; Santini, A. Polyphenols:
A concise overview on the chemistry, occurrence and human health. Phyt. Res. 2019, 33, 2221–2243. [CrossRef]
[PubMed]
24. Abrunhosa, L.; Morales, H.; Soares, C.; Calado, T.; Vila-Cha, A.S.; Pereira, M.; Venancio, A. A Review of
Mycotoxins in Food and Feed Products in Portugal and Estimation of Probable Daily Intakes. Crit. Rev.
Food Sci. Nutr. 2016, 56, 249–265. [CrossRef] [PubMed]
25. Adeyeye, S.A.O. Fungal mycotoxins in foods: A review. Cogent. Food Agric. 2016, 2. [CrossRef]
26. Smith, M.C.; Madec, S.; Coton, E.; Hymery, N. Natural Co-Occurrence of Mycotoxins in Foods and Feeds
and Their in vitro Combined Toxicological Effects. Toxins 2016, 8, 94. [CrossRef] [PubMed]
27. Moretti, A.; Logrieco, A.F.; Susca, A. Mycotoxins: An Underhand Food Problem. Methods Mol. Biol. 2017,
1542, 3–12. [CrossRef]
28. Nleya, N.; Adetunji, M.C.; Mwanza, M. Current Status of Mycotoxin Contamination of Food Commodities
in Zimbabwe. Toxins 2018, 10, 89. [CrossRef]
29. Taniwaki, M.H.; Pitt, J.I.; Magan, N. Aspergillus species and mycotoxins: Occurrence and importance in
major food commodities. Curr. Opin. Food Sci. 2018, 23, 38–43. [CrossRef]
30. Haque, M.A.; Wang, Y.; Shen, Z.; Li, X.; Kashif Saleemi, M.; He, C. Mycotoxin contamination and control
strategy in human, domestic animal and poultry: A review. Microb. Pathogenesis. 2020, 142, 104095.
[CrossRef]
31. Gonçalves, B.L.; Coppa, C.F.S.C.; Neeff, D.V.D.; Corassin, C.H.; Oliveira, C.A.F. Mycotoxins in fruits and
fruit-based products: Occurrence and methods for decontamination. Toxin Rev. 2019, 38, 263–272. [CrossRef]
32. Emmott, A. Market-led aflatoxin interventions: Smallholder groundnut value chains in Malawi. Int.
Food Policy Res. Inst. 2013, 20. Available online: http://cdm15738.contentdm.oclc.org/utils/getfile/collection/
p15738coll2/id/127878/filename/128089.pdf (accessed on 12 May 2020).
33. Da Rocha, M.E.B.; Freire, F.d.C.O.; Maia, F.E.F.; Guedes, M.I.F.; Rondina, D. Mycotoxins and their effects on
human and animal health. Food Control 2014, 36, 159–165. [CrossRef]
34. Palumbo, R.; Crisci, A.; Venâncio, A.; Cortiñas Abrahantes, J.; Dorne, J.L.; Battilani, P.; Toscano, P.
Occurrence and Co-Occurrence of Mycotoxins in Cereal-Based Feed and Food. Microorganisms 2020,
8, 74. [CrossRef] [PubMed]
35. Ayofemi Olalekan Adeyeye, S. Aflatoxigenic fungi and mycotoxins in food: A review. Crit. Rev. Food Sci.
Nutr. 2020, 60, 709–721. [CrossRef] [PubMed]
36. Ukwuru, M.U.; Ohaegbu, C.G.; Muritala, A. An Overview of Mycotoxin Contamination of Foods and Feeds.
J. Biochem. Microb. Toxicol. 2017, 1, 101.
37. Monson, M.; Coulombe, R.; Reed, K. Aflatoxicosis: Lessons from Toxicity and Responses to Aflatoxin B1 in
Poultry. Agriculture 2015, 5, 742–777. [CrossRef]
Foods 2020, 9, 644 17 of 26
38. Gacem, M.A.; Ould El Hadj-Khelil, A. Toxicology, biosynthesis, bio-control of aflatoxin and new methods of
detection. Asian Pac. J. Trop. Biomed. 2016, 6, 808–814. [CrossRef]
39. Kumar, V. Aflatoxins: Properties, Toxicity and Detoxification. Int. J. Food Sci. Nutr. 2018, 6. [CrossRef]
40. Benkerroum, N. Retrospective and Prospective Look at Aflatoxin Research and Development from a Practical
Standpoint. Int. J. Environ. Res. 2019, 16, 3633. [CrossRef]
41. Martinez-Miranda, M.M.; Rosero-Moreano, M.; Taborda-Ocampo, G. Occurrence, dietary exposure and risk
assessment of aflatoxins in arepa, bread and rice. Food Control 2019, 98, 359–366. [CrossRef]
42. Rushing, B.R.; Selim, M.I. Aflatoxin B1: A review on metabolism, toxicity, occurrence in food,
occupational exposure, and detoxification methods. Food Chem. Toxicol. 2019, 124, 81–100. [CrossRef]
[PubMed]
43. Winter, G.; Pereg, L. A review on the relation between soil and mycotoxins: Effect of aflatoxin on field,
food and finance. Eur. J. Soil Sci. 2019, 70, 882–897. [CrossRef]
44. Sharma, A.C.; Proshad, R.; Kormoker, T.; Islam, M.S.; Chandra, K. A review on aflatoxins in stored grain food,
their sources, mechanisms and possible health hazard. Arch. Agric. Environ. Sci. 2018, 3, 416–423. [CrossRef]
45. Gholami-Shabani, M.; Shams-Ghahfarokhi, M.; Razzaghi-Abyaneh, M. Aflatoxins and aflatoxigenic fungi in
Iran: A systematic review of the past, present, and future. Mycol. Iran. 2017, 4, 65–84.
46. Hedayati, M.T.; Omran, S.M.; Soleymani, A.; Armaki, M.T. Aflatoxins in food products in Iran: A review of
the literature. Jundishapur J. Microbiol. 2016, 9, e33235. [CrossRef]
47. Alvarado, A.M.; Zamora-Sanabria, R.; Granados-Chinchilla, F. A focus on aflatoxins in feedstuffs: Levels of
contamination, prevalence, control strategies, and impacts on animal health. Aflatoxin Control Anal. Detect.
Health Risks 2017, 1, 116–152. [CrossRef]
48. Shad, Z.M.; Ghavami, M.; Atungulu, G.G. Occurrence of Aflatoxin in Dairy Cow Feed Ingredients and Total
Mixed Ration. Appl. Eng. Agric. 2019, 35, 679–686. [CrossRef]
49. Ndagijimana, R.; Shahbaz, U.; Sun, X. Aflatoxin B1 in Food and Feed: An Overview on Prevalence,
Determination and Control Tactics. JAIR 2020, 8, 144.
50. Pour, S.H.; Mahmoudi, S.; Masoumi, S.; Rezaie, S.; Barac, A.; Ranjbaran, M.; Oliya, S.; Mehravar, F.; Sasani, E.;
Noorbakhsh, F. Aflatoxin M1 contamination level in Iranian milk and dairy products: A systematic review
and meta-analysis. World Mycotoxin J. 2020, 13, 67–82. [CrossRef]
51. Taghizadeh, S.F.; Rezaee, R.; Badiebostan, H.; Giesy, J.P.; Karimi, G. Occurrence of mycotoxins in rice
consumed by Iranians: A probabilistic assessment of risk to health. Food Addit. Contam. A 2020, 37, 342–354.
[CrossRef]
52. Kumar, P.; Mahato, D.K.; Kamle, M.; Mohanta, T.K.; Kang, S.G. Aflatoxins: A global concern for food safety,
human health and their management. Front. Microbiol. 2017, 7, 2170. [CrossRef]
53. USDA. Grain, Fungal Diseases and Mycotoxin Reference; United States Grain Inspection, Packers and Stockyards
Administration: Washington, DC, USA, 2016. Available online: https://www.ams.usda.gov/sites/default/
files/media/FungalDiseaseandMycotoxinReference2017.pdf (accessed on 12 May 2020).
54. IARC (International Agency for Research on Cancer). Agents Classified by the IARC Monographs. 2014,
Volume 1–113. Available online: http://monographs.iarc.fr/ENG/Classification/index.php (accessed on 12
May 2020).
55. European Commission. The Rapid Alert System for Food and Feed (RASFF) Annual Report; European Community:
Luxembourg, 2008.
56. Bennett, J.W.; Klich, M. Mycotoxins. Clin. Microbiol. Rev. 2003, 16, 497. [CrossRef] [PubMed]
57. Guchi, E. Implication of aflatoxin contamination in agricultural products. Am. J. Food Nutr. 2015, 3, 12–20.
58. Battilani, P.; Toscano, P.; Van der Fels-Klerx, H.J.; Moretti, A.; Camardo Leggieri, M.; Brera, C.; Rortais, A.;
Goumperis, T.; Robinson, T. Aflatoxin B1 contamination in maize in Europe increases due to climate change.
Sci. Rep. 2016, 6, 24328. [CrossRef] [PubMed]
59. Moretti, A.; Pascale, M.; Logrieco, A.F. Mycotoxin risks under a climate change scenario in Europe. Trends
Food Sci. Technol. 2019, 84, 38–40. [CrossRef]
60. Coppock, R.W.; Christian, R.G.; Jacobsen, B.J. Chapter 69—Aflatoxins. In Veterinary Toxicology, 3rd ed.;
Gupta, R.C., Ed.; Academic Press: Cambridge, MA, USA, 2018; pp. 983–994. [CrossRef]
61. Schmidt-Heydt, M.; Rüfer, C.E.; Abdel-Hadi, A.; Magan, N.; Geisen, R. The production of aflatoxin B 1 or G 1
by Aspergillus parasiticus at various combinations of temperature and water activity is related to the ratio of
aflS to aflR expression. Mycotoxin Res. 2010, 26, 241–246. [CrossRef]
Foods 2020, 9, 644 18 of 26
62. Gallo, A.; Solfrizzo, M.; Epifani, F.; Panzarini, G.; Perrone, G. Effect of temperature and water activity on
gene expression and aflatoxin biosynthesis in Aspergillus flavus on almond medium. Int. J. Food Microbiol.
2016, 217, 162–169. [CrossRef]
63. Bernáldez, V.; Córdoba, J.J.; Magan, N.; Peromingo, B.; Rodríguez, A. The influence of ecophysiological
factors on growth, aflR gene expression and aflatoxin B1 production by a type strain of Aspergillus flavus.
LWT Food Sci. Technol. 2017, 83, 283–291. [CrossRef]
64. Lv, C.; Jin, J.; Wang, P.; Dai, X.; Liu, Y.; Zheng, M.; Xing, F. Interaction of water activity and temperature on
the growth, gene expression and aflatoxin production by Aspergillus flavus on paddy and polished rice. Food
Chem. 2019, 293, 472–478. [CrossRef]
65. Gizachew, D.; Chang, C.H.; Szonyi, B.; De La Torre, S.; Ting, W.T.E. Aflatoxin B1 (AFB1) production by
Aspergillus flavus and Aspergillus parasiticus on ground Nyjer seeds: The effect of water activity and
temperature. Int. J. Food Microbiol. 2019, 296, 8–13. [CrossRef]
66. Al-Gabr, H.M.; Ye, C.; Zhang, Y.; Khan, S.; Lin, H.; Zheng, T. Effects of carbon, nitrogen and pH on the growth
of Aspergillus parasiticus and aflatoxins production in water. J. Environ. Biol. 2013, 34, 353.
67. Amare, M.G.; Keller, N.P. Molecular mechanisms of Aspergillus flavus secondary metabolism and development.
Fungal Genet. Biol. 2014, 66, 11–18. [CrossRef] [PubMed]
68. Yu, J.; Ehrlich, K.C. Aflatoxin Biosynthetic Pathway and Pathway Genes; INTECH Open Access Publisher:
London, UK, 2011.
69. Roze, L.V.; Hong, S.Y.; Linz, J.E. Aflatoxin biosynthesis: Current frontiers. Annu. Rev. Food Sci. Technol. 2013,
4, 293–311. [CrossRef] [PubMed]
70. Caceres, I.; Khoury, A.A.; Khoury, R.E.; Lorber, S.; Oswald, I.P.; Khoury, A.E.; Atoui, A.; Puel, O.; Bailly, J.-D.
Aflatoxin Biosynthesis and Genetic Regulation: A Review. Toxins 2020, 12, 150. [CrossRef] [PubMed]
71. Abrar, M.; Anjum, F.M.; Butt, M.S.; Pasha, I.; Randhawa, M.A.; Saeed, F.; Waqas, K. Aflatoxins: Biosynthesis,
occurrence, toxicity, and remedies. Crit. Rev. Food Sci. Nutr. 2013, 53, 862–874. [CrossRef]
72. Ehrlich, K.C.; Li, P.; Scharfenstein, L.; Chang, P.K. HypC, the anthrone oxidase involved in aflatoxin
biosynthesis. Appl. Environ. Microbiol. 2010, 76, 3374–3377. [CrossRef]
73. Crawford, J.M.; Dancy, B.C.; Hill, E.A.; Udwary, D.W.; Townsend, C.A. Identification of a starter unit
acyl-carrier protein transacylase domain in an iterative type I polyketide synthase. Proc. Natl. Acad. Sci.
USA 2006, 103, 16728–16733. [CrossRef]
74. Crawford, J.M.; Thomas, P.M.; Scheerer, J.R.; Vagstad, A.L.; Kelleher, N.L.; Townsend, C.A. Deconstruction of
iterative multidomain polyketide synthase function. Science 2008, 320, 243–246. [CrossRef]
75. Crawford, J.M.; Vagstad, A.L.; Ehrlich, K.C.; Townsend, C.A. Starter unit specificity directs genome mining
of polyketide synthase pathways in fungi. Bioorg. Chem. 2008, 36, 16–22. [CrossRef]
76. Zhou, R.; Linz, J.E. Enzymatic function of the Nor-1 protein in aflatoxin biosynthesis in Aspergillus parasiticus.
Appl. Environ. Microbiol. 1999, 65, 5639–5641. [CrossRef]
77. Yu, J.; Bhatnagar, D.; Cleveland, T.E. Completed sequence of aflatoxin pathway gene cluster in Aspergillus
parasiticus1. FEBS Lett. 2004, 564, 126–130. [CrossRef]
78. Chang, P.-K.; Yu, J.; Ehrlich, K.C.; Boue, S.M.; Montalbano, B.G.; Bhatnagar, D.; Cleveland, T.E. adhA in
Aspergillus parasiticus is involved in conversion of 5′-hydroxyaverantin to averufin. Appl. Environ. Microbiol.
2000, 66, 4715–4719. [CrossRef] [PubMed]
79. Sakuno, E.; Wen, Y.; Hatabayashi, H.; Arai, H.; Aoki, C.; Yabe, K.; Nakajima, H. Aspergillus parasiticus cyclase
catalyzes two dehydration steps in aflatoxin biosynthesis. Appl. Environ. Microbiol. 2005, 71, 2999–3006.
[CrossRef] [PubMed]
80. Sakuno, E.; Yabe, K.; Nakajima, H. Involvement of two cytosolic enzymes and a novel intermediate,
5′-oxoaverantin, in the pathway from 5′-hydroxyaverantin to averufin in aflatoxin biosynthesis. Appl.
Environ. Microbiol. 2003, 69, 6418–6426. [CrossRef] [PubMed]
81. Wen, Y.; Hatabayashi, H.; Arai, H.; Kitamoto, H.K.; Yabe, K. Function of the cypX and moxY genes in aflatoxin
biosynthesis in Aspergillus parasiticus. Appl. Environ. Microbiol. 2005, 71, 3192–3198. [CrossRef] [PubMed]
82. Chang, P.-K.; Yabe, K.; Yu, J. The Aspergillus parasiticus estA-encoded esterase converts versiconal hemiacetal
acetate to versiconal and versiconol acetate to versiconol in aflatoxin biosynthesis. Appl. Environ. Microbiol.
2004, 70, 3593–3599. [CrossRef]
83. Lin, B.-K.; Anderson, J.A. Purification and properties of versiconal cyclase from Aspergillus parasiticus.
Arch. Biochem. Biophys. 1992, 293, 67–70. [CrossRef]
Foods 2020, 9, 644 19 of 26
84. Kelkar, H.S.; Skloss, T.W.; Haw, J.F.; Keller, N.P.; Adams, T.H. Aspergillus nidulans stcL encodes a putative
cytochrome P-450 monooxygenase required for bisfuran desaturation during aflatoxin/sterigmatocystin
biosynthesis. J. Biol. Chem. 1997, 272, 1589–1594. [CrossRef]
85. Ehrlich, K.C.; Montalbano, B.; Boué, S.M.; Bhatnagar, D. An aflatoxin biosynthesis cluster gene encodes a
novel oxidase required for conversion of versicolorin A to sterigmatocystin. Appl. Environ. Microbiol. 2005,
71, 8963–8965. [CrossRef]
86. Henry, K.M.; Townsend, C.A. Ordering the reductive and cytochrome P450 oxidative steps in
demethylsterigmatocystin formation yields general insights into the biosynthesis of aflatoxin and related
fungal metabolites. J. Am. Chem. Soc. 2005, 127, 3724–3733. [CrossRef]
87. Yu, J.; Woloshuk, C.P.; Bhatnagar, D.; Cleveland, T.E. Cloning and characterization of avfA and omtB genes
involved in aflatoxin biosynthesis in three Aspergillus species. Gene 2000, 248, 157–167. [CrossRef]
88. Ehrlich, K.C.; Chang, P.-K.; Yu, J.; Cotty, P.J. Aflatoxin biosynthesis cluster gene cypA is required for G
aflatoxin formation. Appl. Environ. Microbiol. 2004, 70, 6518–6524. [CrossRef] [PubMed]
89. Price, M.S.; Yu, J.; Nierman, W.C.; Kim, H.S.; Pritchard, B.; Jacobus, C.A.; Bhatnagar, D.; Cleveland, T.E.;
Payne, G.A. The aflatoxin pathway regulator AflR induces gene transcription inside and outside of the
aflatoxin biosynthetic cluster. FEMS Microbiol. Lett. 2006, 255, 275–279. [CrossRef] [PubMed]
90. Ehrlich, K.C.; Scharfenstein, L.L.; Montalbano, B.G.; Chang, P.-K. Are the genes nadA and norB involved in
formation of aflatoxin G1? Int. J. Mol. Sci. 2008, 9, 1717–1729. [CrossRef]
91. Ehrlich, K.C.; Yu, J. Aflatoxin-like gene clusters and how they evolved. In Mycotoxins in Food, Feed and
Bioweapons; Springer: Berlin/Heidelberg, Germany, 2009; pp. 65–75.
92. Cai, J.; Zeng, H.; Shima, Y.; Hatabayashi, H.; Nakagawa, H.; Ito, Y.; Adachi, Y.; Nakajima, H.; Yabe, K.
Involvement of the nadA gene in formation of G-group aflatoxins in Aspergillus parasiticus. Fung. Genet.
Biol. 2008, 45, 1081–1093. [CrossRef]
93. Ehrlich, K.C. Predicted roles of the uncharacterized clustered genes in aflatoxin biosynthesis. Toxins 2009, 1,
37–58. [CrossRef]
94. Yu, J. Current understanding on aflatoxin biosynthesis and future perspective in reducing aflatoxin
contamination. Toxins 2012, 4, 1024–1057. [CrossRef]
95. Zeng, H.; Hatabayashi, H.; Nakagawa, H.; Cai, J.; Suzuki, R.; Sakuno, E.; Tanaka, T.; Ito, Y.; Ehrlich, K.C.;
Nakajima, H. Conversion of 11-hydroxy-O-methylsterigmatocystin to aflatoxin G 1 in Aspergillus parasiticus.
Appl. Microbiol. Biotechnol. 2011, 90, 635–650. [CrossRef]
96. Kensler, T.W.; Roebuck, B.D.; Wogan, G.N.; Groopman, J.D. Aflatoxin: A 50-year odyssey of mechanistic and
translational toxicology. Toxicol. Sci. 2011, 120 (Suppl. 1), S28–S48. [CrossRef]
97. Zinedine, A.; Mañes, J. Occurrence and legislation of mycotoxins in food and feed from Morocco. Food
Control 2009, 20, 334–344. [CrossRef]
98. Iqbal, S.Z.; Jinap, S.; Pirouz, A.; Faizal, A.A. Aflatoxin M1 in milk and dairy products, occurrence and recent
challenges: A review. Trends Food Sci. Technol. 2015, 46, 110–119. [CrossRef]
99. De Ruyck, K.; De Boevre, M.; Huybrechts, I.; De Saeger, S. Dietary mycotoxins, co-exposure, and carcinogenesis
in humans: Short review. Mutat. Res. 2015, 766, 32–41. [CrossRef] [PubMed]
100. Jaimez, J.; Fente, C.; Vazquez, B.; Franco, C.; Cepeda, A.; Mahuzier, G.; Prognon, P. Application of the assay
of aflatoxins by liquid chromatography with fluorescence detection in food analysis. J. Chromatogr. A 2000,
882, 1–10. [CrossRef]
101. Sirhan, A.Y.; Tan, G.H.; Al-Shunnaq, A.; Abdulra’uf, L.; Wong, R.C. QuEChERS-HPLC method for aflatoxin
detection of domestic and imported food in Jordan. J. Liq. Chromatogr. Relat. Technol. 2014, 37, 321–342.
[CrossRef]
102. Tomlins, K.; Jewers, K.; Coker, R. Evaluation of non-polar bonded-phases for the clean-up of maize extracts
prior to aflatoxin assay by HPTLC. Chromatographia 1989, 27, 67–70. [CrossRef]
103. Keller, N.P.; Turner, G.; Bennett, J.W. Fungal secondary metabolism - from biochemistry to genomics. Nat.
Rev. Microbiol. 2005, 3, 937–947. [CrossRef] [PubMed]
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